High-speed operation of free-space optical interconnect for a three-dimensional optoelectronic crossbar switching has been analyzed. System architecture, transmitter and receiver design are presented. The effect of ghost talk caused by the superposition of the delayed reflections of the original signal due to the multiple propagation of the wave between the vertical-cavity surface-emitting laser (VCSEL) and metal-semiconductor-metal (MSM) detector has been analyzed. The study indicates that even in the presence of significant amount of ghost talk a high performance free-space optical interconnect can be realized in this system by employing a receiver architecture that allows for DC level adjustment of the signal at the input of the transimpedance amplifier stage.
INTRODUCTION
The rapidly growing Internet demands more and more powerful switching systems for telecommunication and data communication. Crossbar, as a dynamic non-blocking switching approach, has been successfully used in clustered networks and is becoming popular in the computer servers. Any improvements made in crossbar performance and scalability may have a great impact on various computing systems [1] [2] [3] . In the conventional distributed crossbar switch, the i th bit slice of the M bit wide data channel from the one processor/memory is grouped with the corresponding i th bit slices of all other channels (totally N) and connected to the i th NxN Crossbar. For an M bit wide data channel, there are total of M switches (Fig. 1) . M NxN crossbar chips are packaged in a two-dimensional(2D) single chip or multiple chip module(MCM), both of which has difficulty in scalability. We suggest a three-dimensional(3D) optically interconnected distributed crossbar architecture with a high bandwidth using 3D crossbar chip stacks [4] [5] [6] . In this architecture, multiple crossbar chips are integrated in the third spatial dimension with a more dense and compact packaging. The bandwidth is increased and the footprint is reduced both in the order of M. The 3D chip stacks are interfaced with optical I/Os. With a proper optical interconnection module, multiple chip stacks can be grouped to form a 3D crossbar switching system, which is scalable in both chip and stack levels. High-speed operation of the devices will be presented.
SYSTEM ARCHITECTURE
Our demonstration system (Fig. 2) includes three assembled 3D VLSI functional chip stacks and an optical module for global communication. It is designed for data switching with low power, small volume, high-density, and high bandwidth. Each stack consists of 16 VLSI chips and a single 16 x 16 VCSEL/MSM detector array flip-chip bonded on top of the chip stack and each chip in the stack supports 16 optical I/Os at 1 Gb/s. Each VLSI chip, fabricated with the HP AMOS14TB process (0.35µm), includes 64 electronic I/Os at 250 Mb/s and four 16x16 crossbar switches at 250 Mb/s. Furthermore, the 16 x 16 electronic crossbar switch that can arbitrarily route data packets between its inputs/outputs and the associated driver/receiver circuits have all been implemented in the same the electronic layer. Onchip crossbar switches are modified-mux style. To match the optical and electrical bus bandwidth, 4-to-1 serialization and 1-to-4 deserialization circuits are implemented. Processors with more powerful functionality can also be embedded into the chip for various application specific systems. The chips in the central stack are perpendicular to those in the other two stacks so that a signal in one end stack can be routed to any chip on the opposite end stack To realize communication with both the left and the right neighbor, the optoelectronic array is separated into two logical halves and the beams in the two halves are directed to the left and the right neighbors respectively. The main advantages of this optical interconnection layer are that it provides means of implementing a global communication among neighboring stacks and achieves more scalable and higher bandwidth interconnect compared to the all-electronic systems. The adoption of a 3D architecture and the use of chip stack enable a significant footprint area reduction of the overall system in comparison with the 2D implementation. A novel hybrid micro/macro-optical system using a concave reflection mirror has been implemented with advantages such as high resolution (small spot size), low loss (high link efficiency), low crosstalk, large field of view, low cost, small volume, large misalignment tolerance, cascadability (modular design). Analysis of the optical module based on geometrical optics has been presented in Ref. 4 . The methodology is versatile and can therefore be easily extended to accommodate the design constraints of similar applications.
TRANSMITTER AND RECEIVER DESIGN
The performance of the transmitter/receiver circuits also plays a critical role in the optical interconnection. The primary criteria for transmitter/receiver are high speed, small area and low power dissipation. The current mirror style transmitter ( Fig. 3 ) employed in our system provides the flexibility of individually controlling the threshold and modulation currents of the laser, characteristics that are very useful in prototype systems. The current mirror based transmitter is designed to operate at 1Gbs. The presented design provides 0.45mA threshold and 3mA modulation current to a VCSEL for electrical inputs of logic level "0" and "1" respectively.
The optical to electrical signal conversion is done at the end of the free space optical link via MSM detectors (0.25 A/W responsivity at 5 V). The transimpedance receiver (Fig. 4) converts the weak photocurrent generated by the detector to voltage. Then the signal is amplified and the thresholding stage restores the CMOS logic levels of the data. The detector dark current from the input of the transimpedance amplifier is redirected with a feedback provided by an NMOS transistor and the gain of the transimpedance stage is regulated by the control voltage V rs . Local generation of reference voltage for thresholding makes the receiver self-adapted to power fluctuations. Testing of the devices has been performed at four levels: wafer, package, stack and system. The eye diagrams of the transmitter and the receiver both working at 1 Gb/s are shown in Figs. 5 and 6 , respectively. Figure 7 shows the eye diagram of the VCSEL when one electronic I/O working at 300 Mb/s with the signal driven from a logical analyzer and through the system PCB board.
ANALYSIS OF HIGH-SPEED OPTICAL LINK
The interconnection density and the data bit-rate of the free space interconnect systems are affected by the maximum optical power incident on the photodetector and the associated circuits, which, in turn, depends on the power of the emitter and the efficiency of the optical system. It is desired that all the energy emitted from the laser is confined within the micro-optical channel that guides light from the VCSEL to the detector. However, due to the diffraction of the beam in free-space propagation, part of the energy maybe clipped by the aperture of the microlens. Clipping of the beam at the aperture not only causes a loss of energy and thus decreases the efficiency of the optical system, but also results in crosstalk if the beam is incident on the adjacent detectors. Furthermore, when the surfaces of the detector and the VCSEL have high reflection coefficients the light will bounce back and forth between the two devices, a phenomenon called ghost talk, and may therefore limit the maximum speed of operation. For these reasons, accurate analysis of the beam propagation through the optical system is significant for characterization of the optical link. According to the numerical simulations based on the rigorous scalar diffraction theory and the experimental results, in this system the crosstalk among adjacent channels is negligible. Therefore, the ghost talk, which is caused by superposition of signals of different delays, will have a dominant effect on the high-speed optical interconnection. The effects of ghost talk on the performance of high-speed free-space interconnect have been investigated via SPICE simulations that take into account the characteristics of the VCSEL /MSM devices and their corresponding driver/receiver circuits and surface refelectivities has been developed. In the link, the VCSEL has a 0.45mA threshold current and 0.8W/A efficiency whereas the MSM detector has 0.25 A/W responsivity at 5V.
The optical path length from the VCSEL to the detector is 175 mm, so the delay of a single round-trip is about 1.2 ns. The numerical simulations described in the last section indicate that 40% of the beam incident on the detector will be reflected. Assuming that the intensity of the beam hitting the detector for the first time is 1, then the intensity values for the successive delayed signals are 0.4, 0.16, etc. The total optical signal received by the detector is the summation of the original and the delayed waveforms. The responses of the MSM detector and its corresponding receiver operating at 500Mb/s for the cases when the ghost talk is/not present in the system are summarized in Fig. 8 . Depending on the delay in the optical path and the period of the transmitted signal, the effect of the reflections of one symbol can extend to next few symbols and thus cause intersymbol interference (Fig. 8(a) ). This, on the other hand, results in a change of the DC level and the amplitude of the photogenerated current (Fig. 8(b) ) and masquerades as a duty cycle variation (24% instead of 50%) at the output of the receiver (Fig. 8(c) ). The duty cycle variation can be balanced by adjusting the DC level of the photogenerated current though the NMOS transistor at the front stage of the transimpedance amplifier. Figure 9 and 10 depict simulations of free-space links operating at 500Mb/s and 1Gb/s in which the effects of ghost talk have been compensated for by increasing the bias voltage of the NMOS transistor from 1.6V to 2.05V.
The analysis conducted in this study indicates that the intersymbol interference caused by the presence of significant amount of ghost talk in a free-space optical interconnect can be compensated for by employing a receiver architecture that allows for DC level adjustment of the photocurrent. The ghost talk effect depends on several system parameters such as the transmission efficiency, the surface reflectance of the optoelectronic devices, and the delay of the signals incident on the detector, which is related to the optical path length from the VCSEL to the detector. Actually in the case when each channel is operated at the speed of 1Gb/s, the ghost talk effect in the above simulation is very severe, since the single round-trip delay is close the half of the signal period. The method has also been proved to be effective for our system when the delay is smaller.
CONCLUSION
We have presented the design and analysis of a three-dimensional optoelectronic crossbar switching system using 3D VLSI chips and free-space optical interconnects for global communication. With suitable design of the optical system, the cross talk can be negligible. By employing a receiver architecture that allows for DC level adjustment at the input of the transimpedance amplifier stage, the effects of the ghost talk in the system can be compensated for and thus a high performance free-space optical interconnect at high speed can be achieved even in the presence of significant amount of ghost talk. 
